Repolarization abnormalities in arrhythmogenic right ventricular (RV) cardiomyopathy and their relationship to ventricular tachycardia substrate are incompletely understood.
F
ibrofatty replacement of myocytes progressing from epicardium to endocardium of the right ventricle (RV) in arrhythmogenic RV cardiomyopathy (ARVC) results in ventricular arrhythmias and ventricular dysfunction. 1, 2 The ECG features of ARVC including depolarization and repolarization abnormalities have been included in the revised Task Force Diagnostic Criteria. 3 Common depolarization abnormalities including ε waves, terminal QRS activation delay, and QRS fragmentation have been asociated with the location and extent of low-voltage areas and marked electrogram abnormalities characterized by electroanatomic mapping (EAM). 4, 5 Little is known about the genesis of negative T waves and ST-segment elevation in ARVC and their relationship to the arrhythmogenic substrate. In this study, we aimed to correlate detailed endocardial and epicardial electroanatomic mapping findings with the extent of inverted T waves and the location of the ST-segment elevation on the surface ECG in ARVC patients.
METHODS
The clinical data and study materials will be made available to other researchers for the purposes of reproducing the results or replicating the procedure within the limits required for patient confidentiality. The analytic methods are detailed below.
Study Population
We included 40 patients referred for ventricular tachycardia (VT) ablation at the Hospital of the University of Pennsylvania who underwent electroanatomic voltage mapping. All patients met the revised 2010 Task Force Criteria (2 major criteria or 1 major criterion plus 2 minor criteria or 4 minor criteria) for the diagnosis of definite ARVC. All ablation procedures were performed following institutional guidelines. All patients provided written informed consent for electrophysiological study and for the described data collection. Amiodarone was discontinued for at least 1 month and other antiarrhythmic medications for at least 5 half lives before ablation unless being used to treat frequent recurrent VT or VT storm. Patients requiring permanent ventricular pacing were excluded.
WHAT IS KNOWN?
• Common depolarization abnormalities including epsilon waves, terminal QRS activation delay, and QRS fragmentation have been associated with the location and extent of low-voltage areas and marked electrogram abnormalities characterized by electroanatomic mapping.
WHAT THE STUDY ADDS?
• Right ventricular involvement demonstrated by electroanatomic mapping abnormal endocardial and epicardial bipolar and endocardial unipolar voltage recordings is proportional to the extent of T-wave inversion on 12-lead ECG.
• Unipolar recordings can demonstrate zones of diseased myocardium in the presence of mild changes in bipolar electrograms in patients without repolarization abnormality.
• Downsloping elevated ST-segment pattern in the precordial leads is a marker of more extensive unipolar endocardial voltage abnormalities specifically located in the right ventricular outflow tract or mid-right ventricular free wall suggesting advanced transmural disease.
Surface ECG
Pre-ablation 12-lead electrocardiograms were recorded on the GE MAC 5500 (GE Healthcare, Waukesha, WI) at rest in sinus rhythm, with the standard lead positions. The presence of negative T waves ≥1 mm in depth in ≥2 adjacent precordial or inferior leads was considered abnormal. Negative T waves in leads III, aVR, and V 1 were considered normal. The presence of incomplete or complete right bundle branch block was specified. Incomplete right bundle branch block was defined as QRS <120 ms and R wave in V 1 or V 2 >50 ms. 6 Complete right bundle branch block was defined as QRS ≥120 ms, secondary R wave in V 1 lead, and wide S wave in leads I and V 6 .
6 Downsloping elevated ST-segment pattern (D-ST) was defined as the presence of ≥0.1 mV ST-segment elevation at the J point in ≥2 V 1 through V 3 or inferior leads with downsloping aspect of the ST segment defined as ≥0.1 mV decrease in amplitude between the end of the QRS and the 80 ms point (ST J /ST 80 >1) as described by Corrado ( Figure 1 ). 7 Assessment of ST-segment abnormalities was performed at 25 mm/s using Cardiolab recording system (GE Healthcare, Fairfield, CT), by 2 separate investigators blinded to the clinical and imaging data.
For further analysis of the T-wave abnormality, we split the study population into 2 groups. Group 1: no T-wave inversion or T-wave inversion limited to leads V 1 through V 3 and group 2: T-wave inversion in leads V 1 through V 3 extending beyond to at least V 4 . To facilitate the comparison of region-specific T-wave abnormality with the corresponding RV electroanatomic substrate, patients were classified as having anterior T-wave abnormality when negative T wave was observed in leads V 2 and V 3 , RV inferior T-wave abnormality when negative T wave was identified in ≥2 inferior leads (II, III, and aVF), and RV apical T-wave abnormality when negative T wave was observed in ≥1 leads V 4 and V 5 . For further comparisons, in addition to revised 2010 Task Force Criteria, we used modified ECG depolarization abnormality criteria based on the definition of QRS fragmentation, or notching, in at least 2 contiguous ECG leads (evaluating each of 12 ECG leads) as described by Tschabrunn et al. 4 
Electroanatomic Endocardial Voltage Mapping
Patients underwent detailed EAM using the CARTO system (version XP and 3; Biosense Webster, Diamond Bar, CA) as previously described. [8] [9] [10] The studies were performed under conscious sedation or general anesthesia. An intracardiac echocardiography catheter (Acuson Acunav; Siemens, Mountain View, CA) was used and advanced into the right atrium or the RV to help define RV anatomy, guide anatomic positioning, and confirm contact of the mapping catheter. The electroanatomic map of RV endocardium was created using a standard 3.5 mm tip, 2 mm ring open-irrigated catheter (Navistar Thermocool; Biosense Webster). Mapping was performed with the fill threshold maintained <15 mm. Bipolar electrograms were filtered at 30 to 500 Hz, displayed at 200 mm/s sweep speed, and stored for offline annotation and analysis. Unipolar electrograms were recorded simultaneously (Bandpass filtered at 1-240 Hz). An EAM area was considered abnormal in the presence of multiple contiguous low-voltage electrogram sites <1.5 mV bipolar or <5.5 mV unipolar signal amplitude. 11, 12 Very-low-voltage area was defined by a voltage amplitude <0.5 mV in bipolar and <1.0 mV in unipolar recordings.
Electroanatomic Epicardial Voltage Mapping
Epicardial access was obtained using a Tuohy needle as described by Sosa et al. 13 A posterior approach was typically used when approaching the pericardium because of the RV dilatation frequently encountered. All aspects of the RV epicardium were sampled. The fill threshold was maintained at <20 mm. To limit the influence of epicardial fat and coronary vasculature, epicardial electrograms had to demonstrate more rigid low voltage defined as <1.0 mV. 10, 14 To help distinguish low-amplitude epicardial electrograms because of fat, epicardial bipolar electrograms were defined as abnormal if they were additionally (1) wide: 80 ms duration; (2) split: ≥2 distinct components with 20 ms isoelectric segment between peaks of individual components; or (3) late: distinct electrograms with onset after the end of the QRS complex. 12, 14 To homogenize the sampling across the study cohort, the proportion of abnormal bipolar electrograms was calculated by reporting the ratio of the number of abnormal electrograms over the total point acquisition count in each patient.
To identify abnormal epicardial substrate being opposite to the endocardial anatomic shell, we used a 0.5-to 1.0-cm margin from the anatomically defined right and left anterior descending coronary arteries with the use of coronary angiography, merged computed tomographic images, or both.
Definition of RV Segments
We used a previously reported RV free wall scoring-modified model (Figure 2) . 15 The RV was divided into distinct anatomic segments as follows: from the pulmonic valve to the top of the tricuspid valve (outflow tract region), top of the tricuspid valve to mid tricuspid valve (mid-RV body), and mid tricuspid valve to bottom of the RV (inferior RV body). The mid-RV and inferior RV body was further divided into 3 regions: a basal region extending from the tricuspid valve to 2 cm anterior of the valve and 2 equal portions between this region and the RV apex (free wall and apical region). This resulted in 7 anatomic segments shown in Figure 2 . A segment was considered abnormal if reproducible signal abnormalities were identified within (low or very low voltage associated with abnormal bipolar electrograms as previously described) and >5 mm beyond the pulmonic or tricuspid valve annuli. To facilitate the comparison of region-specific T-wave abnormality with the corresponding RV electroanatomic substrate, segments 2 and 3 were merged forming the RV mid-free wall region, 5 and 6 forming the inferior region, and segments 4 and 7 forming the apical region.
Statistical Analysis
Discrete variables were reported as percentages and continuous variables as means with SD. The differences between groups were tested with the χ 2 test or the Fisher exact test in case of small group size (n≤5) for discrete variables and with the Student t test or Mann-Whitney U test for continuous variables. One-way ANOVA or the Kruskal-Wallis test in case of the absence of normality was used to compare the difference in low-voltage areas between groups with normal repolarization and different extents of T-wave inversion. The sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) for the association of each abnormal T (NegT) or D-ST ECG region with the respective endocardial and epicardial electroanatomic abnormalities was calculated. Statistical analysis was performed using the SPSS software package, version 22 (SPSS, Inc).
RESULTS
The study population included 40 patients (29 men) with a mean age of 38.4±14.9 years. Patients' characteristics are shown in Table 1 . All patients fulfilled revised Task Force Criteria for ARVC and met an average of 2.6±1.1 major criteria and 1.0±0.9 minor criteria. Sixteen (40%) patients had a history of cardiac arrest or syncope. Wall motion or structure abnormalities were documented by cardiac magnetic resonance imaging performed in 28 (70%) individuals. All patients had documented recurrent, symptomatic VT.
Surface ECG Repolarization Abnormalities
The majority of patients (32, 80%) had T-wave inversion in ≥2 adjacent leads. Negative T waves were documented in V 1 and V 2 in 2 patients (5%); in V 1 through V 3 in 10 patients (25%); in V 1 through V 4 in 6 patients (15%); in V 1 through V 4 and II, III, and aVF in 5 patients (12.5%); and in V 1 through V 6 and II, III, and aVF in 9 patients (22.5%). Overall, 14 patients (35%) had T-wave inversion in inferior leads. D-ST was observed in 13 patients (32%) and was uniformly localized to leads V 1 and V 2 . There were no differences in T-wave and STsegment interpretations between 2 observers.
Electroanatomic Mapping
Endocardial and epicardial RV mapping were performed in all patients. An average of 340±125 endo- For comparison of region-specific T-wave abnormality with the corresponding right ventricular (RV) electroanatomic substrate, segments 2 and 3 were merged forming RV midfree wall region, segments 5 and 6 forming inferior region, and segments 4 and 7 forming apical region. PV indicates pulmonary valve; and TV, tricuspid valve.
cardial points was sampled generating a mean surface area of 226±58 cm 2 . RV epicardial sampling was similar with 344±169 acquired points. Endocardial low-voltage area was on average 3.4-fold greater for unipolar recordings than bipolar recordings (56.7±23.1% versus 24.0±18.3%; P<0.001). Abnormal low bipolar voltage (<1.5 mV) areas were less extensive on endocardium than epicardium (24.0±18.3% versus 48.1±23.4%; P<0.001). Mean number of segments with abnormal bipolar voltage and abnormal electrograms was lower on endocardium than epicardium (2.8±1.6 versus 4.6±1.7; P<0.001).
T-Wave Inversion and Voltage Abnormalities
The relationship of low-voltage areas on endocardial bipolar and unipolar maps and the extent of T-wave inversion is shown in Table 2 and illustrated in Figure 3 . The 8 patients without T-wave abnormality had more limited low-voltage area for both endocardial bipolar (9.2±9.8% versus 27.7±18.1%; P=0.009) and unipolar recordings (33.4±19.3% versus 62.5±21.7%; P=0.001) compared with patients with T-wave inversion. On the epicardium, patients without T-wave inversion had less low-voltage bipolar abnormality (28.1±16.1% versus 53.1±22.4% P=0.005) compared with patients with T-wave inversion.
Patients with negative T waves beyond lead V 3 (n=20) had larger low-voltage area for both endocardial bipolar (31.4±18.9% versus 16.5±14.6%; P=0.008) and unipolar recordings (66.0±19.6% versus 47.4±25.1%; P=0.013) compared with subjects with T-wave inversion limited to leads V 1 through V 3 or no T waves inversion (n=20; Figure 4 ). The mean ratio between unipolar and bipolar low-voltage areas remained unchanged (P=0.462) independent of the extent of T-wave inversion.
Patients with negative T waves extending beyond lead V 3 had more RV endocardial segments demonstrating abnormal bipolar voltage (3.4±1.5 versus 2.1±1.5;
P=0.009).
On the epicardium, patients with negative T waves beyond lead V 3 (n=20) also had larger bipolar low-voltage area with abnormal bipolar signal characteristics (56.0±19.3% versus 40.1±24.9%; P=0.030; Figure 5 ). Table 3 shows the comparison of electroanatomic voltage substrate between patients with versus without any depolarization abnormality (major/minor revised 2010 Task Force Criteria or QRS fragmentation). Depolarization abnormality was observed in 5 out of 8 patients (62%) without NegT wave. ECG depolarization abnormalities (major, minor, or QRS fragmentation) were not more frequent in patients with NegT wave extending beyond V 3 , 17 out of 20 (85%) versus 15 of 20 (75%) (P=0.695). Three out of 20 patients (15%) with NegT wave extension beyond V 3 had no ECG depolarization abnormality.
Elevated ST-Segment Pattern
Characteristics of patients with D-ST elevation are shown in Table 4 . Table 5 shows a comparison between 
Relationship of Repolarization Abnormalities to RV Regional EAM Abnormalities
Sensitivity, specificity, PPV, and NPV for ECG repolarization abnormalities association with regional electroanatomic substrates are shown in Table 6 . T-wave abnormality in leads V 1 through V 3 was the most common T-wave abnormality and occurred in 30 patients (96%) with negative T waves. Endocardial bipolar low-voltage abnormality was identified in RV mid-free wall region in 21 of 30 patients with 9 false positives and 1 false negative. The sensitivity of T-wave inversion in leads V 2 and V 3 for being associated with RV mid-free wall region bipolar voltage abnormality was 95% with 18% specificity. Anterior T-wave abnormality was associated with epicardial RV mid-free wall substrate with 97% sensitivity, 50% specificity, 97% PPV, and 50% NPV. Negative T wave in leads V 4 and V 5 was associated with low-voltage areas in apical region both on endocardial area with 83% sensitivity and 42% specificity and on epicardial area with 88% sensitivity and 67% specificity. Low-voltage abnormality extending inferiorly from the midtricuspid annulus was identified in all of 14 patients with negative T waves in inferior leads with no false-positive responses. EAM endocardial abnormality was identified in RV outflow 
DISCUSSION
This study provides insight into the relationship between electroanatomic voltage abnormalities and surface ECG T-wave and ST-segment repolarization abnormalities in patients with ARVC. The main findings are (1) RV involvement demonstrated by EAM abnormal endocardial and epicardial bipolar and endocardial unipolar low-voltage recordings is proportional to the extent of the T-wave inversion on 12-lead ECG; (2) significant voltage abnormalities can exist without repolarization changes; (3) downsloping elevated ST segment in precordial leads is associated with more extensive unipolar endocardial voltage abnormalities in RVOT and RV midfree wall; and (4) region-specific ECG repolarization abnormalities correlate with corresponding regional electroanatomic substrate changes.
Our study confirms previous reports of larger bipolar EAM abnormalities on the epicardium versus endocardium and more low-voltage unipolar endocardial abnormalities compared with bipolar endocardial recordings in ARVC patients.
10,16

T-Wave Inversion
This study shows a strong relationship between the number of leads demonstrating T-wave inversion and the area of electroanatomic low-voltage abnormalities. A previous report documented more negative T waves associated with more extensive abnormal bipolar endocardial recordings. 17 In our series, an additional analysis of endocardial unipolar and epicardial bipolar recordings gives additional new information about the relationship of voltage abnormalities and NegT waves. In patients with T-wave inversion beyond lead V 3 , the low and very-low bipolar endocardial and epicardial voltage areas were more extensive and typically involved the apical RV segments. A 3.4-fold greater unipolar versus bipolar endocardial voltage abnormality was maintained regardless of the extent of T-wave inversion. This study results document that the negative T-wave pro- T-wave inversion, n (%) gression across ECG 12 leads is a marker of not only endocardial but also epicardial extent of disease. T-wave inversion in right precordial leads is considered one of diagnostic criteria for ARVC. 3, 18 Careful analysis of the extent of inverted T waves, especially in the absence of typical depolarization changes, can provide additional information about the extent and location of the RV substrate. Moreover, this study confirms the relationship between region-specific ECG T-wave abnormalities with corresponding regional changes in the electroanatomic substrate.
We observed a typical predominant electroanatomic substrate that extended from the perivalvular regions expanding toward the more apical free wall segments of the RV. T-wave inversion in ≥2 inferior leads was associated with both endocardial and epicardial inferior abnormality with 100% specificity and 100% PPV but limited sensitivity. Anterior T-wave abnormality was strongly associated with epicardial (more than endocardial) RV mid-free wall voltage abnormalities with 97% sensitivity, 97% PPV, and 50% specificity. Association of apical ECG T-wave abnormality with apical substrate was also stronger for epicardial area than endocardial area (88% sensitivity and 67% specificity; PPV=75%; NPV=67%). These findings show the ability to identify and locate endocardial and epicardial electroanatomic substrate based on T-wave analysis on the 12-lead ECG. Accordingly, the location and extent of the substrate abnormality can be identified before the ablation procedure.
Noteworthy, in the group of patients with no T-wave inversion, we found that unipolar low-voltage area reached 33% of total RV endocardial surface. These findings show that the RV free wall may be affected by a localized pathological process before the appearance of repolarization abnormalities on 12-lead ECG. Repolarization and conduction changes have been previously reported to precede detectable morphological changes using conventional cardiac imaging in patients with mutations in desmoplakin allele. 19 Furthermore, in our patients with normal repolarization, large areas of low-voltage abnormalities are identified at the stage where life-threatening arrhythmias have already occurred. Interestingly, depolarization abnormality was observed in 5 out of 8 patients (62%) without NegT wave. Presumably, depolarization abnormalities could appear earlier during the course of the disease. Depolarization abnormalities are more closely associated to the endocardial substrate. Surface ECG repolarization changes are not always observed in parallel with depolarization abnormalities and are associated with larger both endocardial and epicardial substrates. Accordingly, depolarization and repolarization abnormalities have a complementary diagnostic value and should be both systematically taken into account.
In previous studies in patients with ARVC, the lowvoltage endocardial unipolar areas have been considered as suggestive of epicardial bipolar signal abnormalities. 16 The current study results are consistent with the previous report. Early detection of ARVC is important and may require unipolar and bipolar voltage mapping to help confirm a diagnosis particularly when diagnostic criteria are not met but the presence of the disease is still suspected.
Downsloping Elevated ST-Segment Abnormality
Downsloping elevated ST segment was present in 32% of patients in our series. Patients with D-ST had more extensive low-voltage endocardial unipolar recordings. D-ST was also more often associated with specific location of EAM abnormalities in RVOT or RV mid-free wall region. D-ST might be a marker of more extensive transmural or intramyocardial disease in these locations. Interestingly, in our series, in the D-ST group, there were 5 out of 13 patients (38%) without ε wave and 2 out of 13 patients (15%) without any depolarization abnormality. Accordingly, D-ST provides additional information about the low-voltage substrate than previous observations based on depolarization abnormalities alone.
Loss of action potential dome in epicardium but not endocardium is expected to cause elevation of ST segment in right precordial leads, as observed in patients with Brugada syndrome. 20, 21 An increased heterogene- ity between endocardial and epicardial electroanatomic substrate in the anterior RVOT observed in patients of our series could underlie the genesis of a downsloping aspect of the ST segment. Increased risk of arrhythmia in ARVC patients with D-ST and larger unipolar abnormalities remains to be confirmed. Of note, the more transmural substrate abnormalities might be more difficult to ablate from endocardium, and additional epicardial ablation should be considered in the presence of D-ST. 22 The question of the relationship between ARVC and Brugada syndrome has recently been raised. 23 Given the presence of structural and histological abnormalities, the ARVC is considered as a distinct clinical and genetic entity. 24 However, a selective dilation and wall motion abnormalities of the RVOT identified with magnetic resonance imaging in patients with Brugada syndrome have been reported. 25 Moreover, fragmented electrograms and late potentials in epicardial recordings involving the RVOT have been reported both in Brugada syndrome and in ARVC. [26] [27] [28] The overlap syndromes recognized by a coexistence of 2 entities have been described. [29] [30] [31] Recently, the question whether Brugada syndrome and ARVC are separate entities has been discussed given the interaction between desmosomes and sodium channel density and function at intercalated discs. [32] [33] [34] Phenotypic similarity of ARVC patients with D-ST with Brugada syndrome might be a result of a pathogenic link between 2 conditions at a cellular level. Why the ST repolarization abnormality is not systematically observed in all ARVC patients remains unanswered at this time.
Study Limitations
The majority of patients included in the study had implanted cardioverter defibrillators, and the data from magnetic resonance imaging was frequently unavailable or of poor quality because of device artifact. As a result, we did not correlate ECG repolarization changes or endocardial and epicardial mapping findings with magnetic resonance imaging-detected scar. The results in subgroups should be interpreted cautiously because of their small size. In addition, all analyses were performed in patients referred for symptomatic VT ablation, representing a more advanced ARVC cohort. Further studies are needed to confirm our findings in patients with earlier stages of the disease without ventricular arrhythmias.
Conclusions
RV involvement demonstrated by EAM abnormal endocardial and epicardial bipolar and endocardial unipolar voltage recordings is proportional to the extent of T-wave inversion on 12-lead ECG. Region-specific ECG T-wave abnormalities correlate with corresponding endocardial and epicardial electroanatomic substrates. Unipolar recordings can demonstrate zones of diseased myocardium in the presence of more modest changes in bipolar electrograms in patients without repolarization abnormality and highlight a potential usefulness of unipolar electrogram recordings as diagnostic tool for early disease. Downsloping elevated ST-segment pattern in the precordial leads is a marker of more extensive unipolar endocardial voltage abnormalities specifically located in the RVOT or mid-RV free wall, suggesting advanced transmural disease. Our findings show that information about the extent and location of electroanatomic substrate can be obtained by analyzing surface ECG T-wave and ST-segment repolarization abnormalities. Twelve-lead ECG repolarization and depolarization abnormalities have a complementary diagnostic value and should be both taken into account. 
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